Carbendazim is a widely used broad spectrum benzimidazole fungicide; however, its effects to non-target aquatic organisms are poorly studied. The aim of this study was to investigate the toxic effects of carbendazim to zebrafish early life stages at several levels of biological organization, including developmental, biochemical and behavioural levels. The embryo assay was done following the OECD guideline 236 and using a concentration range between 1.1 and 1.8 mg/L. Lethal and developmental endpoints such as hatching, edemas, malformations, heart beat rate, body growth and delays were assessed in a 96 hours exposure. A sub-teratogenic range (from 0.16 to 500 µg/L) was then used to assess effects at biochemical and behavioural levels. Biochemical markers included cholinesterase (ChE), glutathione-S-transferase (GST), lactate dehydrogenase (LDH) and catalase (CAT) and were assessed at 96 hours. The locomotor behaviour was assessed using an automated video tracking system at 120 hours. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 2 Carbendazim (96h-LC 50 of 1.75 mg/L) elicited several developmental anomalies in zebrafish embryos with EC 50 values ranging from 0.85 to 1.6 mg/L. ChE, GST and LDH activities were increased at concentrations equal or above 4 µg/L. The locomotor assay showed to be extremely sensitive, detecting effects in time that larvae spent swimming at concentrations of 0.16 µg/L and thus, being several orders of magnitude more sensitive that developmental parameters or lethality. These are ecological relevant concentrations and highlight the potential of behavioural endpoints as early warning signs for environmental stress. Further studies should focus on understanding how the behavioural disturbances measured in these types of studies translate into fitness impairment at the adult stage.
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Carbendazim exposure induces developmental, biochemical and behavioural disturbance in zebrafish embryos
Introduction
Carbendazim (methyl-1-H-benzimidazol-2-yl-carbamate) is one of the most widely used benzimidazole fungicides. It is highly toxic to target organisms, inhibiting the development of a wide variety of fungi even at low doses. It is used in agriculture, horticulture, forest and home gardening and as a preservative in paint, papermaking, textile, leather industry and fruits (Selmanoğlu et al., 2001) . Carbendazim is a metabolite of benomyl and it is known to target the tubulin in cells, causing disruption of microtubule assembly and cell division (Davidse, 1986) .
Low concentrations of carbendazim ranging from 0.2 to 200 µg/L have already been detected in surface waters near agriculture and forestry areas (Palma et al., 2004; Readman et al., 1997) . Moreover, carbendazim has shown to be very persistent in the water with a half-life of 6 to 25 weeks (Cuppen et al., 2000a) . Many studies have reported the adverse effects of carbendazim on mammals, mainly on reproductive organs (Farag et al., 2011; Ireland et al., 1979; Lim and Miller, 1997; Nakai et al., 2002; Urani et al., 1995) , but unlike mammals, effects on aquatic organisms are poorly studied. The majority of studies available focus on zooplankton and macroinvertebrate communities in which chronic exposures to carbendazim decreased survival, reproduction and feeding rates (Cuppen et al., 2000b; Daam et al., 2010; Ferreira et al., 2008; Ribeiro et al., 2011; Van den Brink et al., 2000) . To our knowledge, only two studies report carbendazim effects on fish early life stages. Ludwikowska et al. (2013) 3 showed that carbendazim affects the survival and hatching success of Prussian carp embryos at concentrations above 0.036 mg/L and Jiang et al. (2014) demonstrated that embryonic exposure to carbendazim led to significant changes in the expression of genes related to apoptosis, immunotoxicity and endocrine disruption in zebrafish (Danio rerio) . In this later study concentrations between 4 and 500 µg/L of carbendazim were tested.
Risk characterization is better achieved by studying chemical effects at several levels of biological organization. Recently, behavioural parameters such as locomotion (whose evaluation have been considered time consuming and lacking objectivity) have been increasingly used due to the development of technology for automated analysis. In the case of zebrafish, locomotion has been used as an endpoint to assess the neurotoxic effects of chemicals in early life stages (Irons et al., 2010; Padilla et al., 2011; Selderslaghs et al., 2010) and the sublethal toxicity of pollutants (Ulhaq et al., 2013) . In fact, many contaminants disrupt fish behaviour at concentrations much lower than those causing mortality, eg: Klüver et al. (2015) recorded alteration of behaviour of fish embryos at concentrations 375-fold lower than the LC 10 . Thus, behaviour has proven to provide very sensitive measures of stress exposure; furthermore it has high ecological relevance as effects can be translated long term health and survival of populations (Scott and Sloman, 2004; Tierney, 2011) .
Recently, the approval of the OECD test guideline 236 (fish embryo toxicity test) has consolidated the zebrafish embryo test as a true alternative for the acute fish toxicity test with adults (Braunbeck et al., 2014) in the European Union. This test has been increasingly used to assess the toxicity of chemicals and waste waters as reviewed by Scholz et al. (2008 Scholz et al. ( , 2013 . The low volume of test solutions needed (tests are deployed in 24 or 96-wells microplates) and the rapid development and transparency of embryos that allow the monitoring of the entire organogenesis are among the advantages of this test. Zebrafish embryos also comprise an excellent model for determining the effects of chemicals at biochemical level (Oliveira et al., 2009 ).
Thus, based on the hypothesis that carbendazim could have serious adverse effects in fish early life stages, the aim of this work was to assess the toxic effects of carbendazim in zebrafish embryos at several organizational levels, namely:
ii) developmental (including embryo development delays and malformations), The parameters selected to be evaluated at biochemical levels include not only parameters directly related to neurobehavioral action as it is the case of ChE but also enzymes representative of different metabolic pathways such as GST (involved in the phase II of the detoxification process), LDH (involved in the anaerobic way of energy production) and CAT (involved in the antioxidant defence).
Is this way an integrated analysis of carbendazim can be done contributing to understand the mechanisms of toxicity of this compound.
Materials and Methods
Zebrafish maintenance and embryo collection
All the embryos used in the present study were provided by the zebrafish facility established at the Department of Biology, University of Aveiro (Portugal). Adults were maintained in carbon-filtered water, complemented with 0.34 mg/L salt ("Instant Ocean Synthetic Sea Salt", Spectrum Brands, USA) and automatically adjusted for pH and conductivity. Water temperature was kept at 26.0 ± 1 ºC, conductivity at 750 ± 50 µS, pH at 7.5 ± 0.5 and dissolved oxygen equal or above 95 % saturation. A 16:8 h (light:dark) photoperiod cycle was maintained. This reconstituted water was used in the preparation of test solutions of all assays performed. The above mentioned temperature and photoperiod conditions were constant in all assays. Zebrafish eggs were obtained by crossbreeding of individuals in aquaria; after 30 min of natural mating, eggs were rinsed in water and checked under a stereomicroscope (Stereoscopic Zoom Microscope -SMZ 1500, Nikon Corporation); those unfertilized, with cleavage irregularities, injuries or other kind of malformations were discarded.
Test Chemicals and Preparation of Test Solutions
Carbendazim (Methyl 2-benzimidazolecarbamate, 97% purity) was purchased from Sigma-Aldrich. Carbendazim solutions were carefully prepared by dissolving carbendazim on the zebrafish water system. Kimmel et al., (1995) .
A sublethal range of carbendazim concentrations (0.16, 0.8, 4, 20, 100 and 500 µg/L) was used to set up the test for biochemical determinations and locomotory analysis.
This test was deployed in the same conditions as the above described test. At 96 hours of exposure, 10 clusters of eight larvae per treatment were snap-frozen in microtubes containing 0.8 ml of K-phosphate buffer (0.1M, pH 7.4) and stored at -80 º C for further enzymatic analysis (see section 2.4). For locomotory assay, larvae were exposed until 120 h and then transferred to 96 well plates and analysed using the track system Zebrabox (Viewpoint, Lyon, France) (see section 2.5).
Biomarkers determinations 6
Enzymatic determinations were made spectrophotometrically (Thermo Scientific Multiskan Spectrum, USA) using 96 wells microplates. On the day of enzymatic analyses, samples were defrosted on ice, homogenised (KIKA Labortechnik U2005 Control) and centrifuged (4 ºC, 10000 g, 20 min) in order to isolate the postmitochondrial supernatant (PMS) posteriorly used as enzyme extract for activity determinations.
The methods for the determination of ChE, GST, LDH and CAT activity are described in Domingues et al. (2010) . Briefly, ChE activity was determined at 414 nm according to the method of Ellman et al. (1961) ; GST activity was performed at 340 nm as described by Habig and Jakoby (1981) ; the LDH activity was measured at 340 nm, following the methodology described by Vassault (1983) and the CAT activity was measured at 240 nm as described by Clairborne (1985) .
Protein quantification in samples was performed in quadruplicate according to the Bradford method (Bradford, 1976) , at 595 nm, using ɣ-globulin to determine standard curve. Enzymatic activity units were expressed in nanomoles of substrate hydrolysed per minute per mg of protein.
Analysis of locomotor response
Zebrafish larvae were used to assess the effects of carbendazim on locomotory activity. At 120 hpf 12 larvae per treatment (in triplicate) were transferred from the exposure dishes to 96 well plates (one per well). Dead larvae or larvae exhibiting physical abnormalities were not included in the locomotor analyses. Movement was tracked using the Zebrabox (Viewpoint, Lyon, France) tracking system using a 25 frame per second infrared camera over a period of 50 min. The temperature was maintained stable at 26 ± 1 ºC. Movement was stimulated by alternating light and dark periods according to what was previously described in Irons et al. (2010) . Briefly, the test started by an acclimation period where embryos were placed for 10 min in the light, followed by a cycle of four alternating periods: 10 min dark; 10 min light; 10 min dark and 10 min light. Typically zebrafish larvae show less locomotion during light periods and more during dark. Data outputs were obtained at each 2 minutes and the following parameters were calculated: total distance moved, relative small and large distance moved (a movement was considered "small" when individuals moved less than 0.5 mm/sec) and relative swimming time. The total distance consists of the total swimming distance of the larvae during each measurement period. The relative small distance (%) 7 is the ratio between small distance moved and total distance moved in each 10 min period. The relative large distance (%) is the ratio between large distance and the total distance moved in each measurement period. Finally, the relative swimming time refers to the time embryos spend moving (swimming) relative to the total measurement period.
A threshold of 30 was used for background correction.
Determination of carbendazim in water using liquid chromatography-tandem mass spectrometry 2.6.1. Chemicals
Liquid chromatography-mass spectrometry (LC-MS) grade methanol and acetonitrile (Li Chrosolv Hypergrade) were obtained from Merck (Darmstadt, Germany). Formic acid used to acidify the mobile phases was purchased from Labicom (Olomouc, Czech Republic). Ultra-pure water was produced using an Aqua-MAX-Ultra System (Younglin, Kyounggi-do, Korea). All compounds used were analytical standards or of high purity (> 98%). 13 C 6 labeled trimethoprim was purchased from
Cambridge Isotope Inc. (Andover, MA, USA) and it was used as internal standard because it has quite similar retention time as carbendazim (elution time is 4.98 min for carbendazim and 5.35 min for labeled trimethoprim).
Stock solutions of carbendazim and labeled trimethoprim were prepared in methanol at a concentration of 1 mg/ml and stored at -20°C. A spiking mixture was prepared for each compound by diluting stocks in methanol to concentration of 1 μg/mL and stored at -20°C.
LC-MS/MS analysis
A triple stage quadrupole MS/MS TSQ Quantum Ultra mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled with an Accela 1250 LC pump (Thermo Fisher Scientific) and an HTS XT-CTC autosampler (CTC Analytics AG, Zwingen, Switzerland) was used for analysis of carbendazim in water samples. Thawed water samples were filtered through a syringe filter (0.45 μm, regenerated cellulose, Labicom, Olomouc, Czech Republic), after that 10 ng of internal standard was added to 1 mL of sample.
An analytical Cogent Bidentate C18 column (50 mm x 2.1 mm ID x 4 µm particles, Thermo Fisher Scientific) was used for chromatographic separation of the target analytes. Ionization of targeted compounds was carried out with heated electrospray ionization (HESI). The spray voltage was 3.5 kV. Nitrogen (purity > 99.99 %) was used 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 8 as the sheath gas (40 arbitrary units), auxiliary gas (10 arbitrary units) and collision gas.
The vaporizer was heated to 250°C and the capillary to 350°C. Chromatographic separation of targeted analytes was provided with acidified acetonitrile/ultrapure water gradient presented in the Table S1 (Supplementary data).
Two product ions from carbendazim 192→159, used for quantification, and 192→131, used for qualification, were monitored in positive ion mode during analysis.
Developed method was validated in the range of tested concentrations. The method showed good linearity in the concentration range from 0.001 to 1 mg/L of carbendazim with R 2 =0.998.
Recovery of carbendazim from aquaria water was evaluated by spiking water samples with the target compound. Recovery value for carbendazim was 100%. The average carbendazim limit of quantification (LOQ) was 0.16 µg/L and was calculated as one quarter of the lowest calibration point in the calibration curve where relative standard deviation of average response factor was < 30%.
Matrix-matched standard response was used as factors for correcting the response derived from the calibration curve. Matrix-matched standard was prepared from tested water blank by spiking with both internal standard and native compound at 0.01 mg/L and 1 mg/L, respectively.
Statistical analysis
Lethal concentration (LCx) and effect concentration (ECx) values were calculated for each endpoint by fitting dose-response curves using the package drc in the software R (R Core Team, 2014). A one-way analysis of variance (ANOVA) was used to test differences in the locomotor behaviour between the treatments in each interval (light or dark). The acclimation period that was not included in the analysis. In the case datasets failed the normality and homoscedasticity test, an ANOVA on ranks (Kruskall-Wallis) was performed. When significant, differences were further explored with appropriate post hoc test (Dunnet's or Dunn's) to compare each treatment against control. Test statistics and analysis of normality were conducted using the software SigmaPlot V.12.5
(SysStat, San Jose, California, USA). A significance level of 0.05 was used to infer statistically significant results. The relationship between the different treatments/concentrations of carbendazin and the overall behavioural and biochemical endpoints was investigated by a Principal Component Analysis (PCA). Behavioural and biomarkers data were standardized (scaled into 0-1 range), in order to be used in the 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 same ordination plot. PCA was performed using CANOCO 4.5 software (Lepš and Šmilauer, 2003) .
Results
Stability of carbendazim in the exposure medium
Chemical analysis of the exposure media showed stable exposure concentrations and within 80 -120% of the nominal concentrations in what refers the FET test (1.1 -1.8 mg/L). However, analysis of the exposure media of the sublethal range of concentrations (0.16 -500 µg/L) revealed some inconsistencies (Table S2, Supplementary data) probably because the tested concentrations were very close to the limit of quantification.
Effects on embryos development
The calculated LC 50 and EC 50 values for zebrafish embryos exposed to carbendazim are presented in Table 1 . Carbendazim showed to be moderately toxic to zebrafish embryos, with a 96 h-LC 50 of 1.76 mg/L (Fig S1and Table 1 ).
Carbendazim also affected the development of embryos by triggering a series of developmental anomalies including the incidence of edema, spine, head and tail deformities and also reducing heart rate, body length and the rate of consumption of the yolk sac. Although carbendazim did not cause significant mortality at 24 hpf, embryos exposed to concentrations above 1.3 mg/L exhibited developmental anomalies such as tail and spine deformities presenting an EC 50 of 1.48 mg/L (Table 1) . At 48 hpf an increment in the frequency of edemas and spine curvature was observed with a EC 50 of 1.26 mg/L and 1.53 mg/L respectively (Table 1 , Fig S2 a and b) . Moreover, carbendazim induced a significant reduction in heart beat rate affecting even embryos exposed to the lowest concentration of 1 mg/L. Embryos exposed to control exhibited a heart beat around 180 beats/ min while embryos exposed to the highest concentrations presented a heart beat rate around 100 beats/ min (Table 1, Fig S2 c) .
At 72 hpf, along with an increase in malformations, carbendazim reduced hatching rate in exposed embryos with a EC 50 of 1.57 mg/L (Table 1, Fig S3 a) . Concerning morphological effects, the most important anomalies found were head and eye malformation, spine curvature and edemas (mainly pericardial edemas) as can be observed in Fig 1 and Fig S3 ( see Table 1 for EC 50 values).
These effects persisted until 96 hpf in several endpoints including hatching, deformities in the head, tail and spine and pericardial edema (see Fig S4 for Table 1 for EC 50 values). In addition, carbendazim significantly affected body and yolk sac length of embryos as can be observed in Table 1 and Fig. S4 e. The body length of embryos decreased as carbendazim concentrations increased and effects were detected even at the lowest concentration tested. In contrast a significant increase was observed in yolk sac length in concentrations above 1.30 mg/L which may be related to a delay in the consumption of the yolk.
Biomarkers
The effects of carbendazim on the activities of biomarkers ChE, GST, LDH and CAT, are presented in Figure 2 . Exposure to carbendazim significantly induced ChE (F 6, 34 = 5.18; P= 0.001), GST (F 6, 28 = 10.59; P< 0.001) and LDH (H= 20.70; P=0.002) activities at concentrations ≥ 4 µg/L when compared to control group (Fig a-c) .
Regarding CAT activity, although a slightly decrease in activity was observed at concentration below 4 µg/L, no statistically significant differences were observed (F 6, 33 = 1.36; P=0.268).
Behavioural changes: locomotor response
Results within the two periods of light and within the two periods of dark tested were very similar and thus, only the results of the first dark and light periods will be here presented (Fig 3) . Carbendazim induced changes in the locomotor activity of zebrafish larvae at 120 hpf. Fig. 3 a-b shows the results for total distance moved (mm) in the dark and in the light period. During the dark period, no statistical differences were found on any treatment when compared to control although the One way Anova revealed an effect of carbendazim (H= 16.49; P= 0.011). However, during the light period a significant (F= 2.13; P= 0.002) decrease in the distance moved was observed at concentrations above 0.8 µg/L (Fig 3 b) .
Small and large distances are complementary parameters as can be seen in Fig 3 c and e and d and f. Although an effect was observed for these parameters, they do not present a dose-response pattern. Generally, in the dark periods, organisms exposed to In relation to the relative swimming time, larvae exposed to carbendazim presented a longer swimming time when compared to control group in both dark (F= 27.44; P= <0.001) and light (H= 47.30; P= <0.001) (Fig 3 g-h) . This effect was concentration dependent and differences could be perceived even at the lowest concentrations tested either for dark or for light periods.
PCA
In the PCA related to the light period (Figure 4-A) , the first two ordination axes explained 72.2% of the total variation. The primary axis represented 55.4% of the variation and described an increase on the activity of all the measured biomarkers and also swimming time (ST) along with the decrease of total swimming distance (TD).
Higher enzymatic activity and longer swimming time are related with higher concentration of carbendazim, while control samples and lower concentrations of the chemical are related with greater swimming distance. The second axis explained a variation of 16.8% and described a gradient of increasing percentage of long distance swimming but there was no clear pattern between these behaviour parameter and carbendazim concentrations.
The PCA for the dark period (Figure 4-B) presented an overall similar pattern. The first two axes represented 75.0% of the total observed variation. Primary variation captured 53.1% of the global variation and described an increase of the enzymatic activity, followed by ST. Again, the increase of these parameters is associated to higher concentrations of carbendazim. Secondary axis, that explains 21.9% of the total variation, describes an increase in both TD and large distance percentage (LD), but without a clear relationship with carbendazim concentrations.
Discussion
Carbendazim acts by inhibiting the assembly of tubulin and the formation of microtubules in fungi, and also in mammals (Davidse, 1986; Ireland et al., 1979; Lim and Miller, 1997) . Thus, carbendazim effects are prone to be more relevant in very early embryonic life stages where active cell division is ongoing. This may explain why in this work the lethal toxicity was not time dependent, being fully established at 48 hours of exposure. Accordingly, in the clawed frog (Xenopus laevis) the lethal effects of carbendazim at 4-cell stage embryos proved to be higher than in embryos exposed later 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 12 in the blastula stage as concluded by Yoon et al., (2008) . Data reporting LC 50 values of carbendazim to fish early life stages are scarce. The study of Rico et al. (2011) conducted with tambaqui (Colossoma macropomum) alevins reported a 96 h-LC 50 of 4.16 mg/L (Rico et al., 2011) , in the same range of the value found in this study (1.75 mg/L), while Palanikumar et al., (2014) reported a 96 h-LC 50 of 0.013 mg/L for fingerlings of milkfish (Chanos chanos). Ludwikowska et al., (2013) in a study with the prussian carp (Carassius gibelio) embryos only mention an effect of 100% mortality after 24 h of exposure to 0.216 mg/L of carbendazim.
Furthermore, carbendazim exposure strongly affected the development of embryos which is consistent with studies conducted in amphibian (Yoon et al., 2008) and rodent embryos (Farag et al., 2011) where the compound showed to be teratogenic increasing the incidence of malformations such as pericardial edemas, spinal lordosis, elongated heart, narrowed head among others. Similarly to our work, the body length of clawed frog (X. laevis) exposed to carbendazim was also decreased although effects were observed at lower concentrations (≥ 0.38 mg/L) (Yoon et al., 2008) . A previous study carried out with the parent compound of carbendazim (benomyl) in zebrafish embryos also showed decreased hatching and heart beat rate and increased incidence of malformations causing the same type of anomalies observed in our study in concentrations as low as 30 µg/L (Kim et al., 2009) . Given that the half-life of benomyl is of only 180 minutes (pH 7.5) (Mallat et al, 1997 ) the mentioned effects can be mainly attributed to carbendazim, corroborating our results.
AChE plays an important role in neurotransmission being responsible for the hydrolysis of acetyltiocholine at the cholinergic synapses and neuromuscular junction (Olsen et al., 2001 ). In addition, there are evidences of the involvement of AChE in other physiological process including the regulation of cell proliferation and apoptosis as reviewed by Jiang & Zhang (2008) . A recent study conducted in zebrafish has demonstrated that embryonic exposure to carbendazim (4 to 500 µg/L) led to significant changes in the expression of many genes with critical roles during cell apoptosis (Jiang et al., 2014) . However, the mechanisms that regulate AChE expression and participation in apoptosis are not yet fully understood (Soreq and Seidman, 2001; Zhang et al., 2002) .
Considering that apoptosis is related to up regulation of acetylcholinesterase genes (Zhang et al., 2002) , the increased ChE activity observed in our study is probably linked to carbendazim potential to induce cell apoptosis. Additionally, carbendazim, as an endocrine disruptor agent, is known to change the mRNA expression of thyroid related 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 genes (among others) such as the thyroid hormone receptors (TR and TR), and iodothyronine deiodinases (Dio1 and Dio2) (Jiang et al. 2014) . The involvement of thyroid hormones in the regulation of AChE activity has been suggested by several authors such as Puymirat et al. (1995) . This regulation occurs via nuclear receptors that regulate the transcription of responsive genes and may also explain the differences in ChE activity obtained in this work.
GST represents a family of enzymes with a central role in the biotransformation of xenobiotics and endogenic compounds and their activity can be enhanced in response to xenobiotics. Thus, GST has been considered as an indicator of stress and increasingly used as an environmental biomarker (Hyne and Maher, 2003) . In our work, GST activity was increased after exposure to carbendazim. Augmented activities were also observed following carbendazim and benomyl exposure in the midge Kiefferulus calligaster and in adult nile tilapia (Oreochromis niloticus) (Domingues et al., 2009; Min and Kang, 2008) respectively.
Similarly, LDH activity was induced in embryos exposed to carbendazim. LDH is a key enzyme in the anaerobic pathway of energy production and is involved in the carbohydrate metabolism (Diamantino et al., 2001) . Increased LDH activity levels have been observed in conditions of chemical stress when high levels of energy are required as demonstrated in Nile tilapia exposed to benomyl (Min and Kang, 2008) . It is possible that a metabolic hypoxia due to detoxification process increases the anaerobic pathways causing the LDH induction.
Jiang and co-authors (2015) observed a significant variation in the expression of genes related to antioxidant enzymes in zebrafish larvae after exposure to sublethal concentration of carbendazim, concluding that the compound might induce oxidative stress in zebrafish embryos. In our work CAT activity showed a trend to inhibit at low concentrations but this was not significant though.
In our study, the locomotor response of zebrafish embryos was very sensitive to carbendazim as observed by alterations in swimming activity of larvae even at the lowest tested concentration (0.16 µg/L). Organisms exposed to carbendazim, spent more time swimming, however the increment of time spent swimming was not translated in an increment of the distance moved (meaning that organisms swam slower). In the light periods, unexpectedly, the total distance moved even decreased, suggesting that fish were not able to swim at their regular speed. To our knowledge the only study available concerning carbendazim effects on fish behaviour is the recent study conducted in 14 juveniles of the african sharptooth catfish (Claria gariepinus). Fish exposed to sublethal concentrations of carbendazim (0.22 -0.43 mg/L) showed abnormal behavioural responses such as spiral swimming, hyperactivity, frequent surfacing to gulp water, erratic movement and loss of equilibrium (Nwani et al., 2015) . Alteration of locomotor behaviour is very often linked with neurological impairment mediated by ChE inhibition, however this is not the case for carbendazim since this compound does not inhibit ChE as it is known from the literature (Kegley et al, 2014) and also confirmed in this work. Developmental malformations could also be responsible for locomotor impairment; however, concentrations used to assess locomotor effects in this study do not elicit any detectable developmental effects. On the other hand, behaviour alterations in fish may be the result of the integration of effects in several physiological systems such as the neurological, sensorial, hormonal, and metabolic (Scott and Sloman, 2004; Tierney, 2011) ; therefore multiple factors may be implied in the behaviour disruption detected for carbendazim. As explained above, the increased ChE activity may be the result of apoptosis and /or endocrine disruption. These processes are known to occur under carbendazim exposure (Jiang et al., 2015 (Jiang et al., , 2014 and are also linked with behavioural disruption in several works (see Fredriksson et al., 2007; Pontén et al., 2012; Sharma et al., 2009 for apoptosis and Bell, 2001; Clotfelter et al., 2004; Sárria et al., 2011for endocrine disruption. Moreover, behaviour effects, measured as swimming time, are also associated in the PCA to the GST and LDH which are general biomarkers of chemical and environmental stress. This suggests that the metabolic costs involved on detoxification processes may be compromising other important functions such as the locomotor response of zebrafish larvae. Results of a previous study in fish exposed to copper related the partitioning of energy utilization (between metabolism maintenance and locomotion) to altered fish behaviour (Handy et al., 1999) , corroborating this hypothesis. Locomotor disruption observed in this work may thus, be the cumulative result of effects at several levels.
From an ecological point of view, the alterations in the swimming behaviour (which were observed at environmental relevant concentrations) can have important consequences for the fitness of the organisms as they can further originate feeding disruption (capability to capture prey) and increase vulnerability to predation (through an inability to remain inconspicuous) among other processes (Little and Finger, 1990) . 
Conclusion
By acting on tubulin assembly which directly affects many cellular processes including mitosis, carbendazim is particularly pernicious to early life stages of development where active cell division is ongoing. This mechanism of action is reflected in several developmental anomalies here recorded in the range of 1 to 2 mg/L of carbendazim, such as pericardial edemas, body and tail deformities, decreased heart beat rate and body length. At the biochemical level, the increase in the ChE activity (in the range of 0.02 to 0.5 mg/L of carbendazim) is consistent with apoptosis, which in its turn can also be related to the embryo development anomalies above mentioned and to the behaviour (locomotor) disruption found. In addition, the increase in the ChE activity may also result from the endocrine disruption activity of carbendazim. The locomotor assay showed to be extremely sensitive, detecting effects at concentrations of 0.00016 mg/L (several orders of magnitude more sensitive that developmental parameters or lethality).
These are ecological relevant concentrations and highlight the potential of behavioural endpoints as early warning signs for environmental stress. Since behavioural endpoints may translate in ecological relevant effects such as feeding behaviour of antipredatory behaviour disruption, these findings corroborate the importance of the emergent field of behavioural ecotoxicology as a relevant approach in ecological risk assessment strategies. 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Fig 1 -Zebrafish embryos abnormalities during exposure to carbendazim. A) Control embryo at 72 h of exposure; B) Embryo (72 h) exposed to 1.41 mg/L showing pericardial edema, head and spine deformities; C, D and E) Embryos exposed to 1.53 mg/L of carbendazim after 72 h of exposure presenting pericardial edema, eye, head and spine with severe deformities; F) unhatched embryo (72 h) exposed to 1.66 mg/L presenting a severe pericardial edema, head, eye and tail deformities; G) Control embryo at 96 h; H) Embryo (96 h) exposed to 1.19 mg/L presenting pericardial edema and I) Embryo (96 h) exposed to 1.3 mg/L presenting pericardial edema and spine deformity. 
